Breast cancer risk · Breast density · Breast cancer risk factors Summary More than 30 years ago, John Wolfe was the first to observe and describe the association between breast density on mammography and increased breast cancer risk. Following this pioneer work, there is now compelling evidence that density in the highest quartile represents a 4-6 times higher risk of breast cancer. This magnitude of risk is only topped by age and BRCA1/2 mutation. The density-based risk is independent of age and other risk factors. Apart from epidemiologic risk factors, additional genetic factors seem to influence density. This could be the reason behind the well-known interaction between genes and environment. Reliable and reproducible breast density measurements are a prerequisite for the use of breast density to monitor primary prevention strategies and for the use of mammographic density to define women at higher breast cancer risk who would benefit from intensified early detection and surveillance protocols. 
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Introduction
In 1976 John Wolfe was the first to define and categorise breast tissue density in mammography and to mention an association between the 'parenchymal patterns' and the risk of developing breast cancer. The Wolfe grades (N1, P1, P2, DY) correlated with a progressively greater risk. N1 describes primarily fatty tissue, P1 ≤ 25% prominent ducts, P2 > 25% prominent ducts, and DY describes dense fibroglandular tissue [1, 2] .
The mammographic appearance of breast tissue varies depending on the tissue composition. Epithelium and stroma attenuate X-rays more than fatty tissue. Fat appears dark whereas lighter regions represent primarily fibroglandular tissue consisting of parenchyma and stroma. There is now compelling evidence that mammographic density is a strong risk factor for breast cancer and that risk of breast cancer is 4-5 times greater in women with density in more than 75% of the breast compared with those with little or no density [3] [4] [5] [6] .
Tissue analyses obtained at forensic autopsy demonstrated the association of percent mammographic density with the area of biopsy occupied by nuclei, epithelial and non-epithelial cells, and by collagen and areas of glandular structures. The hypothesis is that at least some risk factors have an effect on the number of cells and the quantity of collagen [7] .
Age, parity and the menopause seem to explain about 20% of the variation in mammographic density. A genetic model explains 60-63% of the residual variance [8] .
Density Measurement Methods
There are qualitative density measurements and quantitative techniques [9] .
The widely used qualitative density classification is the one proposed by the Breast Imaging Reporting and Data System, BI-RADS TM . Four categories are proposed: ACR 1 means breast tissue involution, ACR 2 scattered fibroglandular tissue, ACR 3 heterogeneously dense parenchyma, and ACR 4 an extremely dense tissue composition. These qualitative descriptive parameters are combined with a more quantitative approach, which means that the ACR 1 category describes not more than 25% of fibroglandular tissue composing the breast in mammography, ACR 2 a maximum of 49%, ACR 3 up to 75%, and ACR 4 describes more than 75 to 100% of the breast occupied by fibroglandular tissue.
A more reliable quantitative approach would be highly recommendable, offering continuous and reproducible measurements over time and also during any intervention.
Planimetry directly measures the total area of dense tissue whereas image digitisation offers the segmentation of the breast from the surrounding background and the use of thresholds to define dense from non-dense tissue. This technique has been used in many clinical studies.
The most reliable approach would be to define the volume of dense tissue in the breast. Attempts have been made to use computed tomography (CT), tomosynthesis and dual-energy X-ray absorptiometry. One novel measure of volumetric breast density including exposure, current, tube voltage, breast thickness and processing conditions, using a fully automated computer programme, measures the absolute volume of tissue and the proportion of the breast volume composed of dense tissue, and could demonstrate a relation to several but not all breast cancer risk factors [10] .
Up to now, all measurements suffer from limitations, i.e. subjectivity, variations in compression, and X-ray exposure.
Most of the published evidence favours percent density categories.
Current Evidence
In a meta-analysis 42 studies were included [3] . The metaanalysis could explain some of the heterogeneity in the association of breast density with breast cancer risk. It could be shown that the association between density and risk was much stronger in studies of incident than of prevalent cancers. One explanation would be that, in prevalence studies, the mammographic sensitivity in case of very dense tissue is lower and hence false negatives occur more often, i.e. tumours might be concealed in the first mammogram and will be detected when growing larger not until the following round. Using percent density measurements, the categories 5-25%, 25-49%, 50-75% and > 75% relative to ≤ 5% were combined with relative risks of 1.79, 2.11, 2.92 and 4.64 (table 1) and proved a strong association between percent density and breast cancer risk. However, the breast density-breast cancer association only held in general population studies and not in studies with a symptomatic population.
Interestingly, the increased risk associated with breast density is independent of other known risk factors, but is confounded by age and body mass index (BMI). Therefore, adjustment for this confounder leads to a strengthening of the association [3] . Density inversely correlates with body size, age, parity and menopause [11] .
Quantitative microscopy studies showed that density correlates with a greater total nuclear area of both epithelial and non-epithelial cells, a greater proportion of collagen and of glandular structures [7] .
High density is furthermore associated with an increased risk for atypical ductal hyperplasia (ADH) and in situ breast cancer [7] .
Increased involution could be shown within the Mayo Cohort of Benign Breast Diseases [12] , based on 8,736 women, to be associated with a reduced risk of breast cancer: For no involution, the relative risk (RR) was 1.88, for complete involution 0.91. For women with atypia and no involution, the RR was 7.79, for partial involution 4.06, and for complete involution 1.49.
Tamoxifen, gonadotropin-releasing hormone agonist and a low-fat high-carbohydrate diet influence mammographic density, but for none of these factors it is so far known whether this effect mediates their influence on risk. There is also an influence by lifestyle factors and other drugs [13] . Serum levels of insulin-like growth factor (IGF-1) in premenopausal and prolactin in postmenopausal women as well as of sex hormone-binding globulin (SHBG) are significantly and positively associated with percent breast density.
A strong evidence for genetic influence comes from two twin studies. Boyd and co-workers estimated the heritability at any age to be 60-67% for multivariable-adjusted analyses [8, 13, 14] .
The first genome-wide family linkage analysis of mammographic density could identify three regions suggestive of genes influencing mammographic density: one on chromosome 5p and two on chromosome 12 [15] .
In a recent study, using the computer-based threshold method of breast density determination, it could be shown that patients with high breast density of ≥ 75% (versus patients with low breast density of ≤ 25%) were at increased risk of local recurrence (hazard ratio 4.3) [16] . Additionally they found a complete inverse correlation between high mammographic breast density and obesity (BMI ≥ 30 kg/m), thus determining obesity as another significant independent predictor of local recurrence after breast-conserving surgery and radiation for invasive breast cancer.
Both age and postmenopausal body weight are positively related to risk, but inversely related to density [8] .
Diagnostic Aspects
Despite technical advances, the sensitivity of mammography is still significantly reduced by increased breast density. In women with extremely dense breast tissue, mammographic sensitivity was just 30% and the odds ratio (OR) for interval cancers was 6.14 [17] .
Data of the Florence City Screening Program showed a significant association of breast density with the probability of interval cancer development, with the highest risk having an OR of 13.4 for > 75% density [18] .
These results are underlined by data from three nested case-control studies in screening populations, where women with high-density tissue (> 75%) had not only an increased risk of breast cancer (OR 4.7, 95% confidence interval (CI) 3.0-7.4) but also an increased probability of interval cancer detection less than 12 month after a negative screening examination (OR 17.8, 95% CI 4.8-65.9) [4] . In summary, mammographic breast density appears to be a major risk factor for interval cancer [17] [18] [19] [20] .
In case of dense breast tissue, breast ultrasound measures tumour size more reliably.
Breast ultrasound examination in patients with dense breast tissue detected 0.3% additional cancers not discovered with mammography and clinical examination [21] . Comparable figures (0.4%) were found by Corsetti and co-workers [22] .
In a population with elevated risk and dense breast tissue (ACRIN 6666) [23] , mammography sensitivity was only 50% and increased to 77.5% with the use of additional ultrasound examination.
Hypotheses of Potential Mechanisms
One of the most experienced research groups that continuously and for many years has investigated the interaction between breast density and breast cancer risk recently published a review on the potential mechanisms of breast cancer risk associated with mammographic density and developed hypotheses based on epidemiological evidence [11] . 
Schreer
They argue that it seems reasonable to expect two possible pathways: one would be an effect of cell proliferation (mitogenesis) and the second one an effect of genetic damage to proliferating cells by mutagens (mutagenesis). This concept is illustrated in detail in fig. 1 .
Variations in risk of breast cancer associated with mammographic density may thus arise at least in part because of different amounts of epithelial and stromal cells. These, on the other hand, will be susceptible to mutagens.
A reduction of the number of cells may result in a reduction of potential mutation targets. Mitogenesis and mutagenesis are related processes.
Although some of the biological steps have been understood and clarified, there is much need for ongoing research to better understand the complex relations and interactions between risk and breast density.
Future Development
Breast density has to be accepted as a clinically highly significant predictor of breast cancer risk. Therefore, increased mammographic density was incorporated within the algorithm of early detection in the National German Guideline for Early Breast Cancer Detection in the way that women with breast cancer density ACR 3 and 4 should get an additional ultrasound examination, provided it will be offered within a comprehensive quality assurance programme. This additional diagnostic step has the potential to increase mammographic sensitivity. There is sufficient data to urgently undertake a prospective randomised study evaluating the optimal screening interval and the added value of ultrasound. The ultimate goal would be to offer women with high breast density an individualised early breast cancer detection strategy.
Volumetric methods for density assessment are currently being developed and evaluated. Maybe, in the future, other than X-ray-based methods will become available.
